Background: The C. elegans dosage compensation complex (DCC) associates with both X chromosomes of XX animals to reduce X-linked transcript levels. Five DCC members are homologous to subunits of the evolutionarily conserved condensin complex, and two noncondensin subunits are required for DCC recruitment to X. Results: We investigated the molecular mechanism of DCC recruitment and spreading along X by examining gene expression and the binding patterns of DCC subunits in different stages of development, and in strains harboring X;autosome (X;A) fusions. We show that DCC binding is dynamically specified according to gene activity during development and that the mechanism of DCC spreading is independent of X chromosome DNA sequence. Accordingly, in X;A fusion strains, DCC binding propagates from X-linked recruitment sites onto autosomal promoters as a function of distance. Quantitative analysis of spreading suggests that the condensin-like subunits spread from recruitment sites to promoters more readily than subunits involved in initial X targeting. Conclusions: A highly conserved chromatin complex is appropriated to accomplish domain-scale transcriptional regulation during C. elegans development. Unlike X recognition, which is specified partly by DNA sequence, spreading is sequence independent and coupled to transcriptional activity. Similarities to the X recognition and spreading strategies used by the Drosophila DCC suggest mechanisms fundamental to chromosome-scale gene regulation.
Introduction
In many animal species, sex is determined by how many copies of a particular chromosome are inherited from the parental gametes. One consequence of such a mechanism is that the two sexes will have a potentially lethal imbalance in the dosage of one chromosome. Mechanisms to correct for this imbalance have evolved and are referred to as ''dosage compensation.'' Most dosage compensation mechanisms studied to date involve specific changes to the chromatin of the sex chromosome, which ultimately act to balance sex chromosome gene expression between males and females [1] . In C. elegans, XX hermaphrodites reduce transcript levels from each X chromosome by a factor of two to match the expression of XO males [2] . This is fascinating in many respects, among which is that the compensation must somehow be ''tuned'' to each locus so that genes expressed over a wide dynamic range are all subtly repressed by approximately 2-fold.
The C. elegans dosage compensation complex (DCC) is composed of proteins encoded by the genes sdc-1, sdc-2, sdc-3, dpy-21, dpy-26, dpy-27, dpy-28, capg-1, and mix-1 ( Figure 1A ) [3, 4] . DPY-30, a 13 kDa protein homologous to a subunit of a protein complex that methylates histone H3 at lysine 4 (H3K4), is also required for dosage compensation [5] [6] [7] [8] . CAPG-1, DPY-26, DPY-28, DPY-27, and MIX-1 are homologous to the members of the condensin complex, which functions during chromosome condensation and segregation in organisms ranging from bacteria to humans [9] . Except for DPY-27, which is specific to the DCC, all of the condensinlike subunits also function as part of more typical mitotic and meiotic condensin complexes on all chromosomes [3] .
During C. elegans embryogenesis, the DCC recognizes and associates specifically with each of the X chromosomes in XX embryos but does not bind to X in XO embryos [10] [11] [12] [13] [14] [15] . Current hypotheses posit two distinct modes of DCC association with the X. The first involves initial recognition and recruitment of the DCC by discrete sites along the X called ''rex'' sites (for recruitment element on X). Immunofluorescence microscopy revealed at least 38 rex sites, which were defined by their ability to recruit the DCC onto multicopy extrachromosomal transgenic DNA [16] [17] [18] . The immunofluorescence studies [17, 18] and two genome-wide chromatin immunoprecipitation (ChIP)-chip studies [17, 19] identified a DNA sequence motif with a 10 bp core (TCGCGCAGGG) that occurs at many sites of DCC recruitment. Mutating the motif at a rex site reduces DCC binding, suggesting that the motif is critical for recruitment [17, 18] . However, the DNA sequence motifs do not fully account for X specificity, because many perfect matches to the motif occur on autosomes but are not bound by the DCC [17, 19] . The second mode of DCC association involves spreading of the DCC from the recruitment elements to adjacent chromatin.
Here, we test current hypotheses regarding DCC spreading and present two key findings. First, we show that DCC binding is dynamically specified according to gene activity during development, providing insight regarding how the process might be tuned to gene activity. Second, we show that the mechanism of DCC spreading is independent of X chromosome DNA sequence and that in X;A fusion strains spreading propagates from X-linked recruitment sites onto autosomal promoters as a function of distance. Additionally, quantitative comparison of binding data at rex-1 and the nearby dpy-23 promoter indicates that the condensin-like subunits of the DCC spread from recruitment sites to active promoters more readily than the SDC-2 and SDC-3 subunits involved in initial X targeting, suggesting a DCC subcomplex involved in spreading.
Results
Along the X, DCC Binding Is Dynamically Specified According to Gene Activity during Development Previously published ChIP experiments performed in C. elegans embryos established two modes of binding on X [19] . The first mode is represented by high-amplitude signals termed ''foci'' (defined empirically as being more than two standard deviations greater than the mean peak amplitude). These foci were associated with a specific DNA motif and *Correspondence: jlieb@bio.unc.eduhypothesized to be involved in initial X recognition. The second mode of binding was a lower-amplitude accumulation of the DCC at gene promoters. Unlike foci, DCC accumulation at promoters was correlated with transcriptional activity and was not specified by a stereotypic DNA sequence motif. This led to the hypothesis that although recruitment is governed at least in part by DNA sequence, DCC association with promoters is specified chiefly by transcriptional activity [19] . The hypothesis predicts that the DCC would be redistributed to a new set of gene promoters in the context of a different transcriptional program.
To test this prediction, we performed DPY-27 and RNA polymerase II (RNA Pol II) ChIPs from animals in the fourth larval stage of development (L4) ( Figure 1B ; see also Figure S1A available online). Loci that are transcriptionally silent in embryos but expressed in L4 animals are bound by DPY-27 specifically in L4 ( Figures 1B and 1C) . The converse is also true: the DCC disengages from loci that are transcribed in embryos but silent in L4s ( Figures 1B and 1C) . DCC disengagement from repressed genes and recruitment to active genes during development occurs across the entire length of the X chromosome ( Figure 1D ).
In contrast to the dramatic changes in DPY-27 localization observed at gene promoters (p = 5.7 3 10 232 ), DPY-27 binding at rex sites [17] remains constant between the embryo and L4 stages of growth (p = 0.474; Figure 1E ). recognition [12] . Although both DPY-27 (an SMC4 homolog) and SDC-3 bind strongly to foci thought to be involved in recruitment [19] , the binding of SDC-3 to adjacent chromatin decreases sharply, whereas DPY-27 binding decreases more gradually [19] . Furthermore, DPY-27 binding at promoters is higher than that of SDC-3 [17, 19] . This led us to hypothesize that following recruitment, a condensin-like subcomplex spreads more efficiently onto gene promoters. This hypothesis makes two predictions. First, other DCC members that are homologous to condensin subunits should behave similarly to DPY-27 and spread to gene promoters more readily. Second, SDC-2 should accumulate at the recruitment regions and spread less readily to gene promoters. Among the DCC subunits only SDC-2 can localize to the X chromosome autonomously [13] , and only SDC-2 is required for the localization of all DCC members [11, 12] . We tested these predictions by determining the binding patterns of the condensin subunit homologs DPY-26 and MIX-1 and the noncondensin protein SDC-2 ( Figure S1B ). The new ChIP data were analyzed jointly with previously published DPY-27 and SDC-3 data (see Experimental Procedures) [19] . The binding patterns of the condensin-like subunits were consistent with the DPY-27 pattern, with 98% (DPY-26) and 92% (MIX-1) of the peaks being located on the X chromosome (p < 10 255 for X specificity; Figure S2A ). Furthermore, like DPY-27, both proteins accumulated preferentially at the 5 0 end of genes ( Figure 2A ; Figure S2B ) and were positively correlated with RNA Pol II localization ( Figure 2B ). However, SDC-2 exhibited a unique binding pattern indicative of association with recruitment sites. Two independent antibodies revealed that SDC-2 binding did not accumulate strongly at promoters or scale extensively with expression (Figures 2A and 2B; Figures S2A, S2C , and S2D). Fewer than 200 SDC-2 peaks were observed on X. In contrast, using the same peak-finding criteria, 1358 MIX-1 and 1976 DPY-26 peaks were found. Furthermore, SDC-2 peaks were coincident with 26 of the 38 known rex sites (p < 10 2100 ; Figure 2C ; Figures S2E and S2F; Discussion). Therefore, SDC-2 exhibits even greater specificity than SDC-3 to recruitment sites.
To quantitatively assess the recruitment and spreading properties of different DCC subunits, we studied a well-characterized region containing rex-1 [18] and DNA fragments that cannot recruit the complex on their own but are bound by the DCC in the context of the natural chromosome (e.g., the promoter of dpy-23) [16] [17] [18] [19] (Figure 3A ). We calculated a ''spreading index'' by measuring the average amplitude of binding at rex-1 relative to the average amplitude of binding at the dpy-23 promoter. This analysis was repeated for each biological replicate to calculate the average and standard deviation ( Figure 3A) . DPY-27, DPY-26, and MIX-1 have similar spreading indices (1.03 6 0.10, 1.39 6 0.38, and 1.13 6 0.17), all of which are higher than those of SDC-2 and SDC-3 (0.39 6 0.15 [antibody 1 (Ab 1)] and 0.72 6 0.08).
The spreading index calculated with antibodies raised against a completely independent SDC-2 epitope (antibody 2 [Ab 2]) (0.47 6 0.16) was similar to the first (0.39 6 0.15). Each of the individual SDC-2 replicates performed with either antibody had a lower spreading index than the corresponding condensin-like DCC members ( Figure 3B ). Furthermore, data published independently by others [17] recruitment sites, followed by more efficient spreading of the condensin-like portion of the complex to surrounding genes.
DCC Spreading Does Not Require X Chromosome DNA Sequence
We hypothesized that the mechanism of DCC spreading was not directly dependent on X chromosome DNA sequence but instead could operate on any transcriptionally active sequence near a recruitment site. This hypothesis was based on observations that DCC binding at promoters is dynamically correlated with transcriptional activity ( Figure 1 ) and that the accumulation of the DCC at gene promoters does not seem to correspond to any particular DNA sequence motif [19] . We tested our hypothesis by examining DCC binding at high resolution in three strains harboring precisely defined X;autosome (X;A) fusion chromosomes [20] . In these strains, the right end of the X is fused to the right end of chromosome V (X;V), the left end of chromosome II (X;II), or the right end of chromosome I (X;I) [20] . DPY-27 ChIP-chip from mixed-stage embryos was compared to the binding pattern of the wild-type strain with a normal karyotype. In all three strains, DPY-27 spread across the X;A junction and into the autosomal sequences of the fused chromosome ( Figure 4) . Replicates of the individual ChIPs revealed a highly reproducible binding pattern ( Figure S3A ). [16, 18] . Data from members of the DCC that are homologous to the subunits of condensin are shown in orange. SDC-2 and SDC-3 (blue) are involved in X-specific recruitment. DNA fragments shown in red recruit the DCC onto extrachromosomal arrays [16] . Fragments in gray fail to recruit but are bound in the context of the natural chromosome. The spreading index is calculated by dividing average ChIP score at the dpy-23 promoter by the corresponding value at rex-1. SDC-2 data are from antibody 1.
(B) A second polyclonal SDC-2 antibody raised against a different portion of the protein (antibody 2) in two different rabbits (SDQ3146 for reps. 1 and 2 and SDQ3148 for rep. 3) was used to generate the ChIP-chip profiles.
DCC Spreading Decreases as a Function of Distance from the Nearest Recruitment Site
Earlier low-resolution studies with X chromosome DNA attached to an autosome showed that DCC does not spread such that the autosome is engulfed [16, 18, 21, 22] . We investigated different hypotheses for how DCC spreading onto the whole autosome is limited ( Figure 5A ). If spreading continues from the nearest recruitment site until it encounters an autosomal blocking element, one would expect uniform levels of DCC binding until the block is encountered. Alternatively, if there were no special autosomal blocking elements, the levels of DCC association with active gene promoters might decrease continuously as a function of distance from the nearest recruitment site.
To distinguish these alternatives, we quantified DPY-27 binding as a sliding window of 100 kb along the fused X;A chromosome ( Figure 5B ) and compared the data from a normalkaryotype strain ( Figure 5C ). In all three strains harboring a chromosomal fusion, DPY-27 association with the autosomal regions diminished continuously with increasing distance from the X (Figures 5B, 5D , and 5E). This suggests that there are not discrete elements on autosomes that block DCC spreading and that spreading decreases as a function of chromosomal distance from the nearest recruitment site.
DCC Binding Extends Greater Than Two Million Bases from the Nearest X Recruitment Element
To estimate the extent of DPY-27 spreading onto the autosome, we identified autosomal peaks that occurred in the fusion strains but not in wild-type animals. We identified 82 peaks that occurred on chromosome V specifically in the X;V fusion strain. A similar number of autosomal peaks, nearly all of which were specific to the fusion autosome, were found in each of the other fusion strains ( Figure S3B ). Ninety-three percent of the autosomal DPY-27 peaks in the fusion strains were within 2 Mb of a fusion site, with a few peaks present up to 3.5 Mb into the autosome ( Figure 6A ; Figures S3C and S3D ).
The functionally characterized rex site nearest to the right end of X is 2 Mb from the chromosome terminus (rex-35), but it is possible that other rex sites nearer to the end await characterization. For example, there is a ChIP-defined DCC focus 173 kb from the end. Regardless, the gradual decline of binding from the fusion site explains the need to have multiple recruitment elements or ''waystations'' [21] spaced along the X chromosome to maintain the required levels of DCC association with X.
The Mode of DCC Association with Autosomal Genes Near the X;A Fusion Boundary Is Indistinguishable from the Mode of DCC Association with Natural X-Linked Genes If the mechanism underlying the spreading onto the autosomes is the same as that underlying the spreading on natural X chromosomes, the manner in which the autosomal genes near the fusion site are bound by the DCC would be similar to that of X-linked genes. On the X, the DCC associates with promoters ( Figure 4 , dashed boxes; Figure 2A ; Figure S2B ) with an amplitude that correlates with the polymerase occupancy and transcription rate of the downstream gene ( Figure 2B ).
Like DCC binding on X, the autosomal sites of DCC binding in the fusion strains exhibited a strong preference for the 5 0 regions of genes ( Figure 4 , dashed boxes; Figure 6B ; Figure S3E) . Furthermore, DPY-27 binding at promoters of autosomal genes near the fusion site correlated with the transcriptional activity of the downstream gene, just as was observed for DCC association with gene promoters on X ( Figure 6C; Figure S3F) . As we noted previously, binding at promoters decreases with the distance from the fusion site ( Figure 6D ; Figure S4A ). Therefore, the degree of DCC association with promoters appears to be governed by two factors: distance from the nearest recruitment site and transcriptional activity. The autosomal fusions provide a unique window on this process, because the close spacing of recruitment sites on the natural X makes the dependence of binding amplitude on the distance from a recruitment site difficult to observe.
As Is Observed on X, the Condensin-like Members of the DCC Spread to Adjacent Autosomal Chromatin More Efficiently Than Noncondensin Members To test whether the propagation of DPY-27 binding onto the autosomal regions is more efficient than that of SDC-3, we determined the ratio of binding between the X-linked rex-1 and the autosomal fkb-6 promoter ( Figure 7A ). This analysis Chr. X coordinate (Mb) indicated that SDC-3 spread less efficiently (0.26) than DPY-27 (0.82 6 0.09). This observation also suggested that the DCC binding on autosomes was indeed due to the nearby natural recruitment elements on X, rather than to new recruitment elements that may have arisen on the autosomes as a result of the chromosomal fusion. In fact, all of the high-amplitude binding foci in the fusion chromosome strains were located on the X, arguing that the autosomal sequences on the fused chromosome failed to recruit DCC on their own ( Figure S4B ). Additionally, no SDC-3 binding foci were located on autosomal sequences, with one exception ( Figure 7B ). This single autosomal peak included a probe identical to a sequence located in an X focus, indicating cross-hybridization as the likely cause ( Figure 7C ). Finally, a region of chromosome V 870 kb from the fusion site contained three 10 bp core DCC motifs located in close proximity to each other but failed to bind SDC-3 or DPY-27, reinforcing the likelihood that X-specific factors other than DNA sequence are involved in specifying recruitment sites ( Figure 7D ).
Autosomal Genes Located Near the X;A Fusion Boundary Are Not Strongly Repressed by the DCC We asked whether the DCC represses autosomal genes bound by DPY-27 in the fusion strains. We performed gene expression microarray analysis of normal karyotype (N2), X;V, and X;II fusion strains. We identified 25 genes in X;V strains and 80 in X;II strains whose expression differed significantly (Table S1 ). These genes were not significantly overrepresented on the X chromosome or within the autosomal regions 1 Mb from the fusion site ( Figure S5A ). Additionally, the transcript level of all genes within 1 Mb of the fusion site was not significantly different between fusion and normal karyotype strains ( Figure S5B ).
We also analyzed the transcription of seven autosomal genes bound by DPY-27 in the X;V fusion strain via real-time PCR with RNA prepared from embryos ( Figure 7E ). We established that changes in transcript levels due to dosage compensation could be detected with this platform by showing that the dosage-compensated gene myo-2 [2] was derepressed in a DCC mutant strain ( Figure 7F ). Indeed, all six genes that are within 2 Mb of the fusion site were expressed at lower levels in X;V fusion embryos relative to the wild-type strain (Figure 7E) . However, the change was significant only for the gene closest to the fusion site, fkb-6 ( Figure 7E ; Figure S5C ). It is not clear whether the difference in fkb-6 RNA level is due to dosage compensation or to other factors, because reduction of fkb-6 transcript was not observed in mixed-stage cultures or in embryos prepared from adults grown on solid media ( Figure 7F ). Our results are consistent with the lack of correlation between the binding location of the DCC and changes in RNA abundance upon the disruption of dosage compensation [17] . However, many explanations for this apparent lack of concordance are possible (see Discussion).
Discussion The Advantages of Distinct Subcomplexes for Recruitment and Spreading
The DCC is composed of three functionally distinct groups of proteins. The first group contains the condensin subunit homologs DPY-27, MIX-1, DPY-26, DPY-28, and CAPG-1. Among these, only DPY-27 is specific to DCC. The other members are also part of canonical condensins [3] . The second group, comprised of SDC-2 and SDC-3, operates during early steps of X-specific recruitment and has limited homology in other species [12, 13] . The role of the third group (SDC-1 and DPY-21) is not clear. Both SDC-1 and DPY-21 are required for dosage compensation and coimmunoprecipitate with the other DCC subunits but are not required for binding of other DCC subunits to X and are not essential for viability of XX animals [23] . Targeting of the DCC to X through relatively few recruitment sites by the action of a set of proteins dedicated specifically to targeting (SDC-2 and SDC-3) would provide a means of delivering the condensins (DPY-27, MIX-1, DPY-26, DPY-28, and CAPG-1) to their sites of action without hard-wiring DCC targeting at each site. Critically, it would also provide a means for dynamic binding of the DCC, allowing binding to be responsive to changes in transcription due to developmental cues or environmental perturbation.
The Function of SDC-2 in X Chromosome Recognition SDC-2 binding sites are associated with a 12 bp motif that contains the previously identified 10 bp core motif and differs slightly from a 12 bp motif identified by analysis of rex sites [17] ( Figure S6A ). Much like the 10 bp motif, the 12 bp motif is overrepresented only 2.8-fold on X and is more clustered on X than on the autosomes, suggesting that motif proximity contributes to X specificity ( Figure S6B ). At the most strict definition of the motif, 75% of the motifs on X are within an SDC-2 peak and 38% of the SDC-2 peaks contain a motif (Ab 1; Experimental Procedures). Although the sequence motif is important for recruitment [17, 18] , it clearly does not explain all recruitment and X specificity, suggesting that other chromatin factors are involved in specifying the recruitment sites on the X. The distinction between recruitment and spreading mechanisms is further highlighted by the fact that although spreading onto the autosomes was observed in X;A fusion strains, autosomal regions with the DNA sequence properties of recruitment elements do not become recruitment elements even when physically attached to the X. We found that the SDC-2 spreading index (0.39 6 0.15, Ab 1) was lower than that of SDC-3 (0.72 6 0.08), which suggests ) with respect to underlying genes. The maximum-value probe within each peak was assigned to a region by cis-regulatory element annotation system (CEAS) [32] . p values were obtained by chi-square test with the observed and expected distribution of probes among the annotation classes. Expected value was calculated from the CEAS assignment of all microarray probes. The most commonly bound region is indicated by an asterisk. that the spreading dynamics of SDC-2 and SDC-3 may differ significantly. The SDC-2 and SDC-3 spreading indices calculated from data produced by others [17] were more similar to each other (0.79 and 0.87, respectively). In those studies, epitope-tagged SDC-2 was produced by a multicopy transgene, which may result in overexpression.
Dynamic Propagation of the DCC to Promoters Does Not
Depend on the DNA Sequence of X-Linked Genes Comparison of DPY-27 binding in embryos and L4 animals indicated that DCC binding at promoters is dynamically targeted to active genes and with equal specificity dissociates from inactivated genes. Our study reveals that after (F) Real-time PCR analysis of fkb-6 and myo-2 (a dosage-compensated gene on the X). RNA was isolated from embryos obtained from worms grown in liquid or on plates and from mixed-stage worms grown on plates. The DCC mutant is strain CB428, dpy-21(e428). Error bars in (E) and (F) represent standard deviation calculated from at least three experimental replicates.
recruitment, the mode of DCC propagation does not involve any special aspect of X chromosome DNA sequence. DCC spreading into the autosomal regions in X;A fusion strains also accumulates at promoters and is directly correlated with transcriptional activity. Therefore, this mode of binding is specified by a general marker of transcriptional activity, perhaps involving the DPY-30 protein and H3K4 methylation, a ubiquitous molecular marker of active promoters [24] .
Does Transcriptional Repression by the DCC Act Locally or Globally? There are two possibilities for the mechanism of DCC action, neither of which excludes the other. On one hand, the DCC may act locally, repressing individual genes by binding specifically to promoters in proportion to transcription rate. Such local action would help explain how 2-fold repression could be effected on genes that are transcribed over a wide range of levels. On the other hand, expression data gathered in dosage-compensation-deficient embryos reveal a disconnect between DCC localization and resulting transcriptional changes, which argues for a global mechanism of repression. X-linked genes bound by the DCC and those not bound are equally likely to experience transcriptional changes upon disruption of dosage compensation [17] . This apparent discordance may be explained by a global mechanism for repression, but an alternative interpretation is that the expression changes reflect the secondary effects of disrupting dosage compensation. For example, the deletion of regulatory factors is known to cause transcriptional changes in many genes that are not direct binding targets [25] . Taken at face value, our analysis of fusion strains would appear to support a global repression model because we did not observe repression of autosomal genes at which DCC localization was observed. However, it is possible that the levels of association at autosomal promoters were not normal or that some other component required for the normal function of the DCC was absent on autosomes.
DCC Subunits Are Recruited to Few Autosomal Loci
In this study, we concentrated on the vast majority of DCC binding sites that occur on X, but we also observed some autosomal sites of binding (fewer than 260; Figure S2A ), many fewer than previously reported by others [17] . The function of DCC at these autosomal sites is not clear. Although expression of several autosomal genes was altered in dosage compensation mutants, these genes were not specifically associated with DCC peaks. Conversely, transcript levels of genes near sites of autosomal DCC binding were not significantly altered in dosage compensation mutants [17] .
Similarities in C. elegans and Drosophila DCC Targeting Drosophila males (XO) increase transcription of their single X approximately 2-fold as a means of dosage compensation. The MSL (male-specific lethal) complex is directed to the X by DNA sequence-based recruitment motifs [26, 27] , and similar to our results for the C. elegans DCC, MSL spreading is sequence independent [28] . Targeting of the MSL complex to active genes is aided by the chromodomain of MSL-3, which recognizes H3K36 trimethylation [29] . It is remarkable that two arguably converse strategies (modest upregulation of X in flies and modest downregulation of two Xs in worms) share many aspects of how the complexes recognize and spread along the X. These include a recruitment mechanism specified in part by DNA sequence but also requiring other cis-acting factors, followed by a spreading mechanism that is generic in nature but directed by the initial recruitment. These strategies are held in common despite the use of two completely different molecular machines (histone acetyltransferase versus condensin) that likely act to modulate different parts of the transcription cycle (elongation versus initiation). These shared properties of chromosome recognition and spreading represent a convergent evolution of strategy that is likely fundamental to the nature of chromosome-scale gene regulation.
Experimental Procedures
Antibodies and Strains Polyclonal antibodies against DPY-27 and SDC-3 were as described previously [19] . Anti-RNA Pol II (CTD) antibodies were clone 8WG16 (Millipore 05-952). Recombinant proteins SDC-2 (aa 1-455), DPY-26 (aa 740-1262), and MIX-1 (aa 837-1244) were prepared with Novagen's Pet30-EkLIC system. Rabbit polyclonal antibodies were produced at Covance Immunology Services. The epitopes were cloned into pGEX-5X-2 vector (GE Healthcare), and a GST tag was utilized for affinity purification. SDQ3146 and SDQ4148 antibodies against SDC-2 (aa 1749-1848) were produced by genetic immunization at Strategic Diagnostics Inc. Antibodies against SDC-2 regions aa 1-455 and aa 1749-1848 are referred to as Ab 1 and Ab 2, respectively. N2 (normal karyotype) and dpy-21 mutant (e428) (CB428) strains were obtained from the Caenorhabditis Genetics Center (University of Minnesota). The X;autosome fusion strains (X;V [YPT47 or 15eh#1], X;II [YTP41], X;I [YPT40 or 11 dh]) were provided by S. Ahmed [20] .
Worm Growth and ChIP-Chip
Standard worm growth techniques were used to obtain embryos from worms grown in S liquid media [30] . The embryo ChIP protocol was as described previously [19] . L4 worms were obtained by synchronizing at L1 by allowing embryos to hatch on nematode growth medium plates or in M9 buffer without food for 24 hr. The starved L1s were filtered through a 20 mm nylon mesh and grown with food for w40 hr at 20 C until the worm population was predominantly L4s, with few L3s and young adults not harboring any embryos. Worms were collected, washed with M9, and resuspended in an equal volume of M9 with protease inhibitors (Calbiochem). This mixture was drizzled into liquid nitrogen to form frozen ''popcorn'' and stored at 280
C. Approximately 2 g of frozen sample was processed with a BioPulverizer (BioSpec Products) and further ground to a fine powder with a cryomortar and pestle. The powder was fixed in 1% formaldehyde in 5 volumes of M9 at room temperature for 5 min (L4 ChIP replicates 1, 2, and 4) or 10 min (L4 ChIP replicate 3). Glycine (125 mM) was added and incubated for 5 min. Samples were collected by centrifugation at 4,000 3 g for 5 min at 4 C, washed once with 20 ml M9 + protease inhibitors and 10 ml of FA buffer (50 mM HEPES/KOH [pH 7.5], 1 mM EDTA, 1% Triton X-100, 0.1% sodium deoxycholate, 150 mM NaCl) with protease inhibitors, and resuspended in FA buffer for sonication. Samples (2 ml) were sonicated with a Branson sonifier for 7 to 10 cycles of 12 pulses (0.9 s on, 0.1 s off) at 35% amplitude in 15 ml conical tubes, with cooling in dry ice/ethanol bath for 2 s between cycles. Cellular debris was removed by centrifugation at 13,000 3 g for 15 min at 4 C. Six to eight milligrams of extract was brought to 1 ml volume, sarkosyl was added to 1% final concentration, samples were centrifuged for 5 min, and supernatant was taken. Prior to adding antibody, 10% of the volume was taken for the input sample. The remaining sample was incubated with 3-5 mg affinity-purified antibodies overnight at 4 C. Collection of immunocomplexes was performed as described previously [19] , except that in SDC-2 ChIPs, MIX-1 ChIP 1, and DPY-26 ChIP 1, 40 ml of Dynabeads (2.8 mm diameter; M-280, Invitrogen) coupled to sheep antirabbit IgG were used for collection. ChIP DNA was amplified by ligationmediated PCR as described previously [19] .
Microarrays, Data Extraction, and Processing
Previously published DPY-27, SDC-3, and no antibody (NoAb) control data were obtained from the NCBI Gene Expression Omnibus under the accession number GSE6739 [19] . All microarrays were designed and manufactured by Roche NimbleGen. Data for the X;V fusion strain were obtained from a C. elegans tiling array (Roche NimbleGen design C4533-03-01) based on WS120. This array contains 385,000 probes that span the rightmost 5 Mb of chromosome V and all of X at 86 bp resolution. All other data were produced from a single array containing 1.9 million probes spanning the entire genome at 50 bp resolution and based on WS170. Sample hybridization and data extraction for the X;V fusion strain were performed per the manufacturer's protocols. The remaining hybridizations and data collection were performed by Roche NimbleGen as described previously [31] . All ChIPs were performed at least in triplicate, except X;II, X;I DPY-27, and X;V SDC-3 ChIPs, which were performed in duplicate. DPY-26, MIX-1, SDC-2, X;V DPY-27 ChIPs 1 and 3, L4 ChIP1 and 4, X;II, X;I DPY-27 ChIP 1, and X;V SDC-3 ChIP1 were labeled with Cy5, and input DNA was labeled with Cy3. In the remaining replicates, the dyes were swapped.
For each data set, the log 2 ratio of intensity from Cy5 to Cy3 was obtained with NimbleScan. Log ratios were transformed to z scores and ChIP enrichment of each data point was calculated by taking the average of replicates. L4 DPY-27 and RNA Pol II ChIP replicates 2 and 3 were from same worm collection; thus, these two were averaged before combining with the remaining replicates. To directly compare normal karyotype data to those of X;V fusion, we identified and normalized for comparison probes that were present in the C4533-03-01 microarray. Data were visualized by UCSC Genome Browser (http://genome.ucsc.edu/).
Spreading Index and Peak Analysis
Enrichment within a 1 kb window centered at the SDC-3 ChIP maximumvalue probe at the rex-1 region was calculated. Promoter binding at the dpy-23 and fkb-6 genes was calculated by average binding between 500 bp upstream and 200 bp downstream of the translation start site.
The ChIPOTle peak finding algorithm (http://sourceforge.net/projects/ chipotle-2) was used on the average z score data sets. We ran ChIPOTle with a 500 bp window and 100 bp step size at the indicated p value cutoffs. SDC-2, SDC-3, MIX-1, DPY-27, and DPY-26 peaks (p value 10 260 ) were refined by eliminating those that were within 100 bp of a NoAb peak. For distribution of peaks among chromosomes, p values were obtained by a chi-square test between observed and expected distribution that was calculated by allocation of peaks based on chromosome length.
Differentially bound peaks in the X;V fusion (p value 10 240 ) were identified by running ChIPOTle on the normalized data in which the ChIP score of each probe from the N2 strain was subtracted from that of X;V. This was not possible for the X;II and X;I strains because the microarray platform was different. Therefore, differentially bound peaks in the X;II and X;I fusions (p value 10 210 ) were determined by eliminating those peaks that were within 250 bp of another peak in the N2 or the other strain's peak set.
Annotation Analysis
The coordinate corresponding to the center of the maximum-value probe within a peak was used for annotation by cis-regulatory element annotation system (CEAS) [32] . A coordinate was assigned hierarchically to an annotation class: exon, intron, 5 0 , 3 0 , or >1 kb away from any gene. For distribution of peaks with respect to underlying genes, p values were obtained by a chisquare test between observed and expected distribution that was calculated by assignment of all probes on the microarray.
RNA Extraction and Expression Analysis
The NimbleGen expression microarrays employed included three probes for each gene and were based on WS170. RNA was extracted with TRIzol reagent (Invitrogen) via the manufacturer's protocol. Total RNA was used for sample preparation and hybridization to microarrays by Roche NimbleGen. The resulting single-channel data were normalized by robust multichip average (RMA) with NimbleScan. The RMA calls were log 2 transformed, and average of three replicates were used.
Two micrograms of total RNA was used to prepare cDNA in 20 ml total volume with an Invitrogen SuperScript III kit. One microliter of the reaction was used in a real-time PCR reaction (20 ml total volume), prepared with Maxima SYBR Green qPCR Master Mix (23) (Fermentas). Primer sequences are provided in Supplemental Experimental Procedures. The relative amount of RNA was calculated by using a standard curve and normalizing to the average level of ben-1 (tubulin) and fasn-1.
Accession Numbers
All data reported herein are publicly available at the NCBI Gene Expression Omnibus under the accession number GSE16621. Detailed protocols can be found at the modENCODE website (http://www.modencode.org/).
Supplemental Data
Supplemental Data include Supplemental Experimental Procedures, six figures, and one table and can be found with this article online at http:// www.cell.com/current-biology/supplemental/S0960-9822(09)01759-X.
